Long period fiber grating with a period of 25 μm is UV inscribed and characterized. A series of polarization dependent dual peak pairs can be seen in the transmission spectrum even only symmetric refractive index modification is introduced. The fabricated grating exhibits a lower temperature sensitivity compared with standard long period grating, and an enhanced refractive index sensitivity of ~ 312.5 nm/RIU averaged from 1.315 to 1.395, which is more than four-fold higher than standard long period grating in this range. The full width at half maximum (FWHM) of the fabricated grating is only about 0.6 nm, allowing for a high resolution sensing. Moreover, the grating period is so small that the attenuation dip corresponding to high order Bragg resonance can also be seen, which can act as a monitor of the unwanted perturbation to realize dual parameter sensing. © 2016 Optical Society of America Optical fiber sensors based on fiber gratings, including fiber Bragg gratings (FBGs) and long period gratings (LPGs), have attracted considerable attention in the past few decades [1]. Usually, FBG is associated with coupling between counter propagating core modes if not tilted, while LPG is related to coupling from core mode to co-propagating cladding modes. For refractive index (RI) sensing, which is useful in environmental monitoring and biomedical/chemical application, LPG is preferred due to its intrinsic high RI sensitivity, and a large body of works have been published [2]. However, the high sensitivity can be a mixed blessing of LPG, as cross-sensitivity with the unwanted perturbation may be induced, for example, the temperature crosssensitivity in RI sensing, which is an essential issue that needs to be addressed for reliable RI sensing application. Moreover, despite the large body of works published, previously reported LPG has a typical period ranging from 100 µm to 1 mm [2], LPG with a period below this range, e. g. tens of micrometers, is rarely investigated. X. Shu et al systematically characterized the sensitivity of LPG with a period down to 34 um [3], but the spectral properties are not shown.
Optical fiber sensors based on fiber gratings, including fiber Bragg gratings (FBGs) and long period gratings (LPGs), have attracted considerable attention in the past few decades [1] . Usually, FBG is associated with coupling between counter propagating core modes if not tilted, while LPG is related to coupling from core mode to co-propagating cladding modes. For refractive index (RI) sensing, which is useful in environmental monitoring and biomedical/chemical application, LPG is preferred due to its intrinsic high RI sensitivity, and a large body of works have been published [2] . However, the high sensitivity can be a mixed blessing of LPG, as cross-sensitivity with the unwanted perturbation may be induced, for example, the temperature crosssensitivity in RI sensing, which is an essential issue that needs to be addressed for reliable RI sensing application. Moreover, despite the large body of works published, previously reported LPG has a typical period ranging from 100 µm to 1 mm [2] , LPG with a period below this range, e. g. tens of micrometers, is rarely investigated. X. Shu et al systematically characterized the sensitivity of LPG with a period down to 34 um [3] , but the spectral properties are not shown.
The excessively tilted fiber grating (ETFG) is a relatively new type of fiber grating that has a tilt angle around 81 degree [4] . It shows unique polarization-dependent dual-peak pairs (DPPs), and has been successfully employed in fiber laser and sensing application [4] [5] [6] [7] . In a recent analysis, the arising of the DPPs is attributed to the degeneracy of cladding modes (TE, TM mode) at high mode order [8] , i.e., it's the intrinsic mode properties of the single mode fiber (SMF), rather than the large tilt angle, that is responsible for the distinct DPPs. Note that, since coupling to high order cladding modes can also be realized by a LPG that has a similar axial period to the one of ETFG, such a small period LPG (SP-LPG) is expected to have similar spectrum characteristic, which has not been reported so far to the best of our knowledge. The proposed SP-LPG can serve as a reference to the ETFG that may enable a deeper understanding of coupling mechanism of the DPPs in ETFG, which is not fully understood considering the discrepancy of the number of DPPs remained between the theoretical analysis and experiment [8] .
In this letter, we demonstrate the fabrication of small period LPG with a period of 25 μm, the SP-LPG shows an enhanced RI sensitivity and reduced thermo sensitivity. DPPs of the SP-LPG are similar to but not the same with that of ETFG, and the difference is explained. Bragg reflection can also be seen, as the grating period is much smaller than standard LPG, which is useful for dual parameter sensing application to monitor the unwanted perturbation. Sharing the merits of the ETFG, the proposed SP-LPG can relieve the fabrication complexity of the ETFG as no tilt angle control is required.
In our experiment, a frequency doubled + laser (central wavelength = 244 nm) is used for the fabrication. The laser source is focused into the core of the hydrogen loaded SMF by a cylindrical lens. The period of the SP-LPG is determined to be 25 μm by the custom-designed amplitude mask, which is placed close to the SMF. After the inscription, the inscribed structure is annealed at 80 ℃ for 48 hours to stabilize the inscribed structure. Fig. 1 shows the structure of the SP-LPG observed under the microscope with conventional bright field microscope technique, where periodic RI perturbation can be seen in the core of the SMF. The transmission spectrum of the SP-LPG measured with an unpolarized light is shown in Fig. 2a , where series of DPPs can be clearly seen. It is worth noting that, in the SP-LPG, the strength of the DPPs is different (strong DPPs and weak DPPs appear alternately), while in the ETFG, the DPPs have almost the same strength. To determine which cladding modes the resonances correspond to, the relationship between the grating period and the wavelength of the strongest coupling is simulated using the same model reported in [8] , where the cladding mode index is calculated approximating the fiber as a coreless rod surrounded by air. In the simulation, only cladding modes with the lowest azimuthal order are taken into account, because for untilted grating, coupling to cladding modes with high azimuthal order should be zero for a circularly symmetric RI perturbation [9] .
The simulated result is shown in Fig. 2b , where mode index difference between TE and TM mode can be seen. Comparing Fig.  2a with Fig. 2b , it can be found that a good agreement between the experiment and simulation results has been achieved, indicating that the two strong DPPs result from the coupling to the lowest azimuthal order cladding modes with a radial order of 33 and 34, respectively. Discrepancy in the resonant wavelength may result from the approximation used here, and the omission of the UV induced average RI change also lead to some deviation. For the weak DPPs, we believe it generated from the coupling to cladding modes with high azimuthal order, which should be zero theoretically but, for the UV-inscribed SP-LPG concerned here, the index perturbation is not perfectly symmetric since the inscription laser decays when it transmits across the fiber, consequently, the DPPs related to coupling to high azimuthal order cladding modes can be generated, but are very weak.
In contrast, coupling to high azimuthal order cladding modes is significantly enhanced in the ETFG due to the large asymmetry introduced by the excessively tilted grating plane, thus, the strength of the ETFG DPPs is much more uniform. The number of ETFG DPPs given by the experimental results is more than that of the theoretically calculated ones [8] , because only cladding modes with the lowest azimuthal order are considered in the simulation, while the coupling to high azimuthal order cladding modes causes the appearance of extra DPPs in the experiment. The grating period is so small that, attenuation dip corresponding to high order Bragg resonance can also be seen from Fig. 3a , which shows the zoomed transmission spectrum around 1540.5 nm. For grating with a period of 25μm, the strongest dip corresponds to the 47th order Bragg resonance, and the weak dips are associated with counter-propagating cladding mode coupling. To verify that the strongest dip results from the Bragg resonance, we measured the reflection spectrum of the SP-LPG given in Fig. 3b , where index matching gel is used to eliminate the unwanted reflection from the fiber end, and an optical circulator is used to collect the reflected light. The additional Bragg resonance in an LPG spectrum, as previously achieved by the sampled FBG [10] , is useful in dual parameter sensing, since the unwanted perturbation that the LPG is sensitive to, need to be monitored to realize reliable sensing application. The strength of the Bragg resonance is relatively weak, which can be enhanced by further reducing the grating period, or by introducing a stronger RI modulation, for example, using femtosecond laser inscription. To characterize the polarization dependency of the DPPs, a polarizer followed by a polarization controller are used to control the polarization state of the light entering the SP-LPG. Fig. 4a shows the zoomed transmission spectrum of the strong DPP around 1475 nm, where orthogonally polarized light is used. We can see that, with a proper choice of the polarization, one of the peak is suppressed to be around 2 dB, while the other is fully exited with a ~11 dB attenuation. Fig. 4b depicts the polarization dependence of the weak DPP around 1524 nm, where a high polarization dependence is also shown: one of the peak can be suppressed to be ~0.5 dB, and the other is enhanced to be ~0.9 dB when the polarization is properly controlled. Note that such a strong polarization dependence is realized with an almost symmetric inscription, which means that the polarization dependence is related to the intrinsic mode properties of the SMF rather than the asymmetric RI perturbation, although the asymmetry indeed helps to maintain the polarization state of light transmitting through the grating, and to enhance the coupling to high azimuthal order cladding modes [8] . The polarization dependence of the DPP is also characterized in reflective mode with the experiment setup depicted in Fig. 5a , where a weak reflection mirror (Fresnel reflection of the FC/PC fiber connector here) is used to have a good visibility of the Bragg reflection. The measured results are shown in Fig. 5b , where we can see that the visibility of the 49th order Bragg resonance, which can hardly be seen in the transmission spectrum (Fig. 4a) , is significantly improved in this way. The polarization dependence of the DPP is also enhanced since the light passes through the SP-LPG twice. The enhanced polarization dependence can be useful in strength based sensing application, for example, twist sensing [7] , as the perturbation-induced strength change is also increased. We can also see from the inset of Fig. 5b that the Bragg resonance is polarization insensitive, indicating a good symmetry of the UVinduced RI modification. Fig. 6 Variation of the peak wavelength when the SP-LPG is immersed into solution with different RI. The averaged RI sensitivity of the DPP is more than 300 nm/RIU, while the Bragg resonance is insensitive to surrounding RI change. The sensing potential of the SP-LPG was also evaluated, we immersed the SP-LPG into solutions with different RIs at room temperature, and tracked the wavelength variation of the three resonances shown in Fig. 5b . The SP-LPG was kept straight for all the measurement. It should be noticed that, the full width at half maximum (FWHM) of the fully exited peak of the SP-LPG is only ~ 0.6 nm, which is much narrower than that of normal LPG (20 to 30 nm range for LPG with a period around 550 to 600 μm [11] ) and in consequence, allows for a higher resolution measurement. The measured wavelength evolution against RI is shown in Fig. 6 , where we can see that the Bragg resonance is insensitive to RI change as expected, and the small variation of the Bragg wavelength may result from the room temperature fluctuation. It can also be seen from Fig. 6 that both peak wavelengths of the DPP increase with the RI, but the wavelength increasing rate of the peak at short wavelength side is higher than the one at long wavelength side, as a result, the wavelength separation between the DPP decreases with an increasing RI. This is consistent with the ETFG, as the mode index difference is related to the RI difference between the cladding and the surrounding environment, which approaches zero as the surrounding RI increases. The wavelength change of peak at long wavelength is ~25 nm when the RI is increased from 1.315 to 1.395, suggesting an averaged RI sensitivity of ~312.5 nm/RIU, which is more than four-fold higher than normal LPG, and two-folder higher than LPG specially designed for enhanced refractive index sensitivity where internal geometric bending is introduced [12] . To realize reliable sensing with an LPG based sensor, it is essential to eliminate the cross talk with respect to the unwanted perturbation, such as the temperature cross-sensitivity in RI sensing, which has been previously addressed using a sampled FBG [10] , and/or with the help of one more sensing element, for example, an additional FBG as suggested by Patrick et al. [13] . For the SP-LPG considered here, thanks to the much smaller grating period, the co-existed Bragg resonance can act as a temperature monitor to solve the cross-sensitivity problem. Fig. 7 shows the temperature response of the SP-LPG, where the Bragg resonance shows a sensitivity of 12.3 pm/℃, which is comparable with previously reported results, while the temperature sensitivity of the DPP is only 7.3 pm/℃ for the peak at short wavelength side, and 6.3 pm/℃ for the long wavelength side one. Considering the intrinsic low temperature cross sensitivity of the SP-LPG, the Bragg resonance can also be used to monitor other perturbation if necessary.
In conclusion, long period grating with a much small period of 25μm is fabricated by UV laser in hydrogen loaded single mode fiber, and the fabricated SP-LPG shows a series of polarization dependent DPPs even no polarization related inscription is introduced. The DPPs are similar to but not the same with the ones in ETFG. In the SP-LPG, the strength of the DPPs is different (strong DPPs and weak DPPs appear alternately), while in the ETFG, the DPPs have almost the same strength. Comparison with simulation result suggests that coupling to cladding mode with lowest azimuthal order generates the polarization dependent DPPs in a SP-LPG. The grating period is so small that high order Bragg resonance can also be seen, which can be used to monitor the unwanted perturbation that may deteriorate the sensing accuracy. The SP-LPG shows an improved RI sensitivity that is more than four-fold higher than normal LPG, and a suppressed temperature cross-sensitivity that is even smaller than FBG. Thanks to the significantly reduced FWHM of the SL-LPG attenuation band, a much higher resolution can be achieved. Apart from acting as a highly sensitive RI sensor with an improved resolution and dualparameter sensing ability, the SP-LPG can also serve as a reference to the ETFG to deepen the understanding of the coupling mechanism, and of the effect of the tilt angle, which is less explored even though quite a lot of experiment works have been reported.
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